We report anomalous antiresonances in the infrared spectra of doped and disordered single layer graphene. Measurements in both reflection microscopy and transmission configurations of samples grafted with halogenophenyl moieties are presented. Asymmetric transparency windows at energies corresponding to phonon modes near the Γ and K points are observed, in contrast to the featureless spectrum of pristine graphene.
The selection rules of light-matter interaction can be relaxed if the symmetry of the system is lowered or through higher order interplays like overtones and combination bands.
Phenomena such as the Fermi resonance 18, 19 and the Rice effect 20 also come into play in certain systems. Apart from that, defects and impurities lift the translational invariance of the crystal giving access to phonon modes away from the center of the Brillouin zone. 21 This effect gives rise to absorption bands in the infrared spectrum of otherwise transparent crystals such as diamond and silicon. Also, the Raman spectrum of sp 2 carbon materials presents numerous bands due to double resonance processes, 22 which are enabled by the existence of two valleys in the electronic structure. In the presence of disorder induced by symmetry breaking defects, the Raman spectrum is further augmented by the D and D ′ bands, which also stem from double resonance processes. Such phenomena relying on intervalley scattering are of great interest in the emerging field of "valleytronics", having stimulated proposals of applications such as valley valves and filters, 23 valley contrasting Hall transport 24 or valley dependent electron-polarized light interaction. 25 Experimental evidence of valley scattering phenomena is scarce 26, 27 and remains unreported in the MIR spectrum of graphene, although one would expect similar physics to occur.
We report on a novel scattering phenomenon mediated by phonons and disorder, and its manifestation in the MIR spectra of SLG. The infrared spectra of covalently functionalized graphene show Fano-like antiresonances which we demonstrate to emerge from scattering with randomly distributed grafts, thereby allowing momentum transfer between phonons and electronic intraband excitations. 28 The scattering process leads to sharp transparency windows in the mid-infrared optical conductivity at frequencies corresponding to optical 3 phonon energies for momenta near the Γ and ± K points, the latter being a direct consequence of intervalley scattering. The mechanism is reminiscent, but distinct, of the double resonance scattering process between the two Dirac cones of graphene, that leads to the occurrence of the D band in Raman spectroscopy of disordered samples. 29 The phenomenon appears ubiquitous to low dimension carbon structures such as carbon nanotubes, 30 and can potentially be exploited in optoelectronic applications in the infrared.
2 Experimental and theoretical methods 2.1 Samples preparation
Graphene growth
Graphene has been grown from a pulsed chemical vapour deposition (CVD) method on copper foil which produces predominantly single layer samples. 
Infrared microscopy samples
For the infrared microscopy measurements in reflection mode, PMMA-supported graphene is transferred through copper dissolution using 0.1 M (NH 4 ) 2 S 2 O 8 (98+%, Reagent grade, Acros Organics) 32 on intrinsic silicon substrates (600 µm thickness, resistivity > 5000 Ω cm) with 300 nm thermal oxide bearing markers defined through photolithography. An electrode of Pd on top of a sticking layer of Ti (respectively 30 nm and 2 nm) was deposited at the edge to contact graphene electrically for subsequent electrografting. The procedure for electrografting graphene from in situ generated diazonium cations was adapted from the work of Baranton and Bélanger on glassy carbon 33 and Gan et al. 34 The electrode and bordering graphene was protected from the reacting solution with PTFE tape. 4-Iodoaniline (99%, Acros Organics) was dissolved in degassed acetonitrile (Certified ACS Plus, Fisher Scientific) to a concentration of 5 mM along with 0.1 M of tetrabutylammonium hexafluorophosphate (98%, Sigma-Aldrich) that served as the electrolyte. Diazonium cation was generated by the 4 addition of tert-butylnitrite (90%, Acros Organics) to a concentration of 10 mM. After a 5 minutes delay, the sample was connected to the potentiostat and voltamperometry cycles were started. The system was cycled 5 times between −0.4 and 0.4 V vs. Ag/AgCl reference electrode. After electrografting, the samples were rinsed abundantly in acetonitrile and 2-propanol.
Infrared transmission spectroscopy samples
The graphene samples that served for measurements in transmission spectroscopy were transferred to BaF 2 windows (Spectral Systems LLC, 40×20×4 mm). In this case, graphene was functionalized prior to transfer using two methods: First, for the samples used to test the dependency on doping, diazonium cations were generated in situ from a 1 mM 4-iodoaniline solution in acetonitrile to which tert-butylnitrite was added to a 10 mM concentration. 35 After a 5 minutes delay, while still supported on copper foil, the graphene sample was dipped in the reacting solution for 10 minutes. The grafting process ended by copiously rinsing in acetonitrile and 2-propanol. Pristine and grafted graphene samples (∼1 cm 2 ) were deposited side by side on the same BaF 2 windows for comparison. Second, to verify the influence of grafting density, we directly used 4-bromobenzenediazonium tetrafluoroborate at three different concentrations (10, 50 and 100 µM) in acetonitrile. The samples supported on copper foil were immediately dipped in the reacting solution for 10 minutes, and finally rinsed with acetonitrile before being transferred to BaF 2 crystals.
Chemical doping
Doping was obtained by soaking the sample in a solution of the dopant at a given concentration in acetonitrile for 10 minutes, and subsquently drying the sample with a gentle stream of air. In microscopy measurements, 2,3-dichloro-5,6-dicyano-1,4-benzoquinone (DDQ, 98%, Sigma-Aldrich) at a 1 mM concentration was used to p-dope the samples. N -type doping being notoriously more difficult to achieve in air, 36,37 a 10 mM hydrazine solution (diluted 5 from 35% w/V in water, Sigma-Aldrich) was used instead. The DDQ concentration was varied to verify the doping dependency by transmission measurements. Finally, in order to maximize the effect, the influence of grafting density was verified at a dopant concentration of 10 mM.
Samples characterization 2.2.1 Infrared microscopy
The infrared spectra in microscopy were acquired in reflection mode on a Hyperion 3000 infrared microscope (36× objective) coupled to a Bruker Vertex 80v Fourier transform spectrometer. We used a Globar source (aperture 3. windows. Transmittance is here defined as T = I/I 0 , where I is the single-beam spectrum of the sample, and absorbance is given by −logT .
Scanning electron microscopy
Pictures of selected and identified areas of the samples were acquired using a Hitachi S-4700 instrument, with a cold cathode as an electron source and a secondary electrons detector. An electron beam current of 10 µA at a 1 kV potential were used at a 5 mm working distance.
These parameters were optimized to image graphene on SiO 2 by reduction of charging effects.
Raman microspectroscopy
Raman spectra were measured on a Renishaw RM-3000 instrument. The excitation laser was a Ar 2 ion source (λ ex = 514 nm, power 25 mW). The diffraction grating had a 1800 lines/mm density, and we used a 50× objective (NA= 0.55). The position of the grating was adjusted using the 520.7 cm −1 band of silicon within a variation of ±0.5 cm −1 . The defect density was estimated using the D/G ratio after Lucchese et al.'s method. 38 Inspection of the spectra showed a loss of features for the samples used for the chemical doping experiments (reflection and transmission), which allowed us to conclude that L D was smaller than 5 nm. 39 The defect density series spectra presented defined bands, thus indicating a L D equal or higher than The measurement data set is tridimensional, whereas every pixel in space plane has a related complete spectrum in the spectral domain specified by the operator.
X-ray photoelectron spectroscopy
The X-ray photoelectron spectroscopy (XPS) measurements were performed under high vacuum (∼ 10 −9 torr). An aluminium cathode was used as a source of X-rays at a 12.5 kV potential and a 140 W power. Incidence angle was set at 45
• . The survey spectra were acquired at binding energies ranging from 1233 eV to 10 eV, in 1 eV increments with a pass energy of 100 eV. High resolution spectra were done in a restricted domain using 0.1 eV increments and a passing energy of 10 eV. Atomic ratios were automatically calculated using the CasaXPS software.
Modeling
The contribution of Eq. (3) to the optical conductivity was computed within the tight-binding approximation in the spirit of the work of Peres et al. 40 Impurity scattering is modeled in terms of on-site, randomly located impenetrable potentials, treated in a way to make use of the Full Born Approximation. 40 The phonon frequencies and polarization vectors were obtained from a force constant model; 41 the phonon dispersion was modified in the vicinity of ±K to account for the physically well established Kohn anomalies at these points, 42 but 8 which the force constant model fails to capture. The parameters entering the electron-phonon coupling matrix elements were obtained by comparing with computed results available in the literature at q = Γ and q = K 42,43 (see Supporting Information). Simulations were conducted using an in-house computer program built explicitly for this purpose.
Results
Our samples consist of SLG grown on copper foil using a specific intermittent growth chemical vapor deposition (CVD) process that allows production of a fully homogeneous monolayer without multilayer patches. 31 The graphene thus obtained was then transferred to a MIR transparent substrate (oxidized intrinsic silicon or BaF 2 ) with regular transfer techniques.
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The graphene sheets have been fully characterized through optical and scanning electron microscopy, along with Raman microspectroscopy and hyperspectral cartography to ensure that there is no bilayer contamination within the investigated regions (see Supporting Information). Covalent functionalization is then used to introduce disorder in the crystalline lattice [ Fig. 1(a) ]. [33] [34] [35] Indeed, grafting of iodophenyl moieties (I-Ph) to graphene breaks the sp 2 conjugation and generates sp 3 hybridized scattering centers. 44 The reaction, however, leaves the samples in a state where the Fermi level is poorly defined from adsorbed ions and grafts. We thus use chemical doping to set the chemical potential. Practically, this is achieved by soaking the sample in a doping solution at a certain concentration, and then drying in a stream of nitrogen, which leaves the adsorbed dopant molecules on the surface. For instance, 2,3-dichloro-5,6-dicyano-1,4-benzoquinone (DDQ, an electron acceptor) dissolved in acetonitrile is used for p-type doping, while hydrazine (an electron donor) in acetonitrile allows reduction of graphene.
Infrared spectroscopy measurements are displayed in Fig. 1(b) and Fig. 2(b) . The first set of data presented in Fig. 1(b) shows the results of microscopy measurements in reflection mode of SLG transferred onto intrinsic silicon with 300 nm thermal oxide, which allowed us to behavior is expected since no graphene phonons are supposed to be infrared-active. 45 In accordance with our following arguments, the weak modulation near 1250 cm −1 may be due to the fact that the probed area contains wrinkles and joint boundaries between crystal domains (see microscopy pictures in Supporting Information), which are sources of disorder.
The observations, however, change drastically upon covalent grafting to graphene: As seen in the bottom panel of Fig. 1(b) , a broad asymmetric signal is now apparent near 1600 cm −1 in the DDQ-doped trace, and a second, even broader signal is also observed around 1250 cm −1 .
Vibrational bands from dopants and I-Ph are absent from the MIR spectra because their concentrations are lower than the detection limit. Moreover, the asymmetric bands disappear upon soaking in a hydrazine solution, and can be recovered by doping back to p-type (see Supporting Information), thus demonstrating a dependency on charge carrier density. 
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The optical window of silicon dioxide (SiO 2 ) being limited in the infrared by an intense absorption band at ∼1050 cm −1 , transmission spectra were obtained on a BaF 2 substrate to better assess the graphene band observed at ∼1250 cm −1 . In these measurements, macroscopic sample areas were probed to prove that the effect is not limited to localized microscopic regions. This second set of data is shown in Fig. 2 The wide experimental spectrum of grafted graphene doped with [DDQ]= 1 µM has been singled out in Fig. 2(a) and plotted against the calculated Drude conductivity showing good agreement, except for the presence of two antiresonances. Raw spectra corresponding to the doping series are presented in the top panel of Fig. 2(b) , while all spectra in the lower panel have been corrected with a cubic baseline to account for experimental background, which includes a Drude contribution, as seen in Fig. 2(a) . The two antiresonances are identified at ∼1250 cm −1 and ∼1600 cm −1 , whereas the pristine signal (black trace) is smooth, to the exception of a spurious band denoted by a star ( * ), and the carbonyl band of an impurity marked by double stars ( * * ). The frequencies of the antiresonances coincide with those of the Raman D and G bands, thus strongly suggesting that phonon modes are involved in the mechanism.
The profiles of the antiresonances are asymmetric and skewed toward higher energies, and as such they can be modeled with a phenomenological Fano profile (see fits and fitting parameters in Fig. S10 and Tables S1-2 can be observed in the top panel, the background absorption also evolves following the known dependence of the Drude peak to doping, 4 thus supporting the fact that the signal cross section is related to charge carrier density. It should be stressed that the observed transparency windows (antiresonances) are important hints about the underlying mechanism, since it is in discrepancy with normal phonon resonances, which absorb light and thus would yield upward bands on a conductivity scale.
Extension to the Drude model
To first gain intuition about the mechanism underpinning the occurence of the antiresonances, we begin by extending the Drude model to collisions between a representative semiclassical electron and a phonon mode. Requiring only momentum and energy conservation, we derive the following expression for the conductivity σ (Sec. 2.1, Supporting Information): 
Quantum mechanical model
A proper treatment of the optical conductivity makes use of the Kubo formula, 47 which relates σ(ω) to the current-current correlation function. The effects of electron-phonon coupling as well as defect scattering can then be computed systematically using the machinery of perturbation theory and Feynman diagrams, an approach which treats both intraband and interband electronic excitations on equal footing (for an introductory presentation of Feynman diagrams, see the guide by Mattuck 48 ). The quantum mechanical mechanism corresponding to the classical model of Eq. (1) is described by the Feynman diagram of Fig. 3(a) in the case where intraband electronic excitations (i.e., excitations near the Fermi energy)
dominate. This same Feynman diagram, but with an emphasis on interband electronic excitations, was first proposed by Cappelluti et al. 49, 50 to explain the Fano profile observed in pristine bilayer graphene 10,11 and few-layer graphene, 51 where a discrete mode (a tangential phonon mode at Γ) couples to the continuum of electron-hole excitations responsible for an optical resonance. This mechanism was also applied to plasmon-phonon coupling to account for similar observations in BLG nanoribbons. 12 In pristine SLG, however, a Fano resonance has never been observed, nor is it expected: indeed, the contribution from the mechanism of 
with
where N is the number of unit cells in the sample, n imp is the number density of defects, a 0 is the Bohr unit of length, −e the electronic charge, α and L are related to the spatial direction of the current operator (x or y) and the defect scattering site in the graphene unit cell (A or B). Also, ν is a phonon mode label and q is a momentum restricted to the First Brillouin zone; thus ω νq is the frequency and Γ νq is related to the lifetime of the phonon labelled by (νq). The contribution to the conductivity of Eq. (3) is composed of a sum over the whole first Brillouin zone of Fano-like terms with unitless parameters Q αL νq and amplitudes A αL νq . These parameters are related to the mathematical expression corresponding to the diagram presented in Fig. 3(d) , itself an important subpart of the full diagram presented in Fig. 3 (b) (this expression is discussed at length in the Supporting Information). We name the expression in Fig. 3(b) the "loop" function, which we denote by H αL νq , and we choose to represent it as the sum of "reactive" and "absorptive" terms,
With this choice, the Fano parameter and amplitude take the simple form, in atomic units, 
The resonant transition in the loop function imposes that both momenta k and k + q should be withinhω of the Fermi energy. If the chemical potential µ is small enough for the cone approximation to be valid, and provided that grafting does not break this approximation, then the Fermi surface is composed of circles of radius k µ = |µ|/hv F centered at ± K (where v F is the Fermi velocity of graphene). Forhω < |µ|, the resonance condition can only be satisfied for ω/v F ≤ |q−P| ≤ 2k µ +ω/v F , where P = Γ for q near Γ and P = ± K for q near ± K. For q not satisfying the resonance condition, we expect nonresonant (and thus small) contributions to the current-current correlation function. Thus, although the sum in Eq. (3) is over the whole Brillouin zone, the resonance conditions lead to enhanced contributions for q near Γ and ± K [see discussion below related to Fig. 4(b) ].
The two steps illustrated in Fig. 3(e) , namely the absorption (top panel) and emission (bottom panel) of a photon, summarizes the main features of this light-matter interaction for both intra-and intervalley scatterings. In a first step t 1 , an electron scatters on a defect after the absorption of a photon. The energy of the photonhω and the momentum q imparted by the scattering event match those of an emitted phonon. The phonon is reabsorbed in a second step t 2 launching the reverse cycle of step t 1 and ending with the emission of a photon of energyhω. The sum is a loop function that activates a resonant channel at the phonon frequency in a way that is analogous to the boomerang model 52 used to described resonance cross sections for the vibrational excitation of molecules bombarded by electrons. Here, the consequence is that the boomeranging electrons are unavailable for Drude scattering and hence cannot participate to photon absorption, leading to well-defined transmission windows or antiresonances reported here in the MIR absorption of graphene.
Validation of the model
We sought to validate the model first by simulating the optical conductivity, then by verifying a predicted feature of the theory, namely the influence of the graft density on the infrared response. In order to test the quantitative validity of the model, the contributions were computed for various chemical potential values µ at a graft density of 2%, a phonon energy broadening Γ νq = 2.5 meV, and an electronic energy broadening Γ = 75 meV (as exposed in Sec. 2.2 of the Supporting Information, we estimate µ ≃ −450 meV).
The model conductivity of Eq. (3) is compared in Fig. 4 
as a measure of the weight of the mode. refinements of the calculations are to be expected now that we have devised an experimental and theoretical method that can lead to the extraction of electron-phonon coupling values.
The disorder contribution to the conductivity is expressed by Eq. (3), which shows
Re [σ imp (ω)] to be linearly dependent on n imp , the number density of defects. We tested this prediction qualitatively by measuring the MIR spectra of SLG samples subjected to bromophenyl radical functionalization for 10 minutes at three different concentrations of 4-bromobenzenediazonium tetrafluoroborate (diazonium). 
Discussion
The two prominent antiresonances in the experimental data can be readily explained. The feature at ∼1600 cm −1 comes from coupling to phonons near the E 2g mode for q ∼ Γ [process ➀ in Fig. 3(e) ]; in agreement with experiments, the amplitude of the simulated It is useful at this point to consider further the mechanisms illustrated in Fig. 3(a) and (b) for the gated BLG 10, 11, 49 and for functionalized SLG, respectively. The case of gated BLG, which response function corresponds to the Feynman diagram pictured in Fig. 3(a) , involves the interference between a continuum of electronic interband excitations and a discrete infrared-active phonon mode of the BLG located at Γ. Because the continuum of excited electronic states and the IR excited vibrational state are both optically allowed and coupled by electron-phonon interactions, a Fano resonance is observed in BLG, even without defect. In contrast, our experiments bring to light a disorder-and phonon-mediated interference phenomenon in SLG, which is at the origin of the transmission windows seen at frequencies matching infrared-forbidden phonon modes at q ∼ Γ and q ∼ ± K. In addition to the contribution leading to Fano resonances in pristine BLG, the proposed mechanism invokes additional intraband processes beyond lifetime effects and mediated by a defect and a phonon: an electron/hole pair in a state near the Fermi energy that scatters coherently on a defect and a phonon, thus breaking the optical selection rule (i.e., q = Γ) valid in pristine samples. Whereas Fano profiles are induced by a discrete state-continuum coupling between Γ phonon modes and electronic degrees of freedom, the new mechanism involves continuum-continuum coupling with phonon momenta constrained to small regions near Γ and ± K.
Interestingly, the current-current correlation function shares strong similarities with the resonant single phonon Raman scattering process [diagram, Fig. 3(c) ]. That is, the whole scattering process is resonant with an optical phonon mode in both momentum and energy, which is similar to a Raman resonant transition. Furthermore, defects allow for both intraand intervalley processes involving small or large q phonon modes (e.g. Raman D band at ∼1250 cm −1 ). However, two major differences set them clearly apart: our proposed mechanism follows overall an elastic scattering path, whereas resonant Raman is inelastic by nature; the incoming light in Raman spectroscopy is energetic enough to induce interband transitions, whereas infrared light cannot in doped graphene, thus the resonant transition in the loop function imposes that both momenta k and k + q be withinhω of the Fermi energy.
Conclusions
The reported phenomenon may prove useful in quantifying disorder in graphene, and it will allow the modulation of the optical conductivity in a narrow terahertz band, hence providing extended tools for telecommunications, medical and security imaging, and novel analytic and sensing capabilities. Our model for single layer graphene is also expected to be universal, and to hold for a broad variety of systems: in particular, the infrared spectroscopy of bilayer 10, 11 and few-layer 51 graphene, as well as carbon nanotubes, 30, 54, 55 should be revisited, as there too shall disorder enable phonon-mediated intra-and intervalley scattering.
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